With aging, renal function tends to decline, as evidenced by reduced glomerular filtration rate. High-protein intake may further stress the kidneys by causing sustained hyperfiltration. To investigate whether dietary protein is associated with impaired renal function, we used data from 2 nested case-control studies within the Women's Health Initiative Observational Study (n = 2419). We estimated protein intake using a FFQ and estimated glomerular filtration rate (eGFR) from cystatin C. To account for the original study designs, inverse probability weights were applied. Self-reported energy and protein were calibrated using biomarkers of energy and protein intake. Associations between protein intake and renal function were estimated by weighted linear and logistic regression models. Average calibrated protein intake (mean 6 SD) was 1.1 6 0.2 g/(kg body weight×d).Twelve percent (n = 292) of women had impaired renal function. The odds of impaired renal function, defined as eGFR ,60 mL/(min×1.73m 2 ), was not associated with calibrated protein intake. When eGFR was modeled continuously, there was no association with calibrated protein when protein was expressed in absolute (g/d) or relative to energy (protein % energy/d), but protein relative to body weight [g/(kg body weight×d)] was associated with higher eGFR. There was no evidence for effect modification by age, BMI, or general health status. These data suggest higher protein intake is not associated with impaired renal function among postmenopausal women without a diagnosis of chronic kidney disease.
Introduction
Higher dietary protein intake causes hyperfiltration, as measured by elevated estimated glomerular filtration rate (eGFR), 7 in the short term, but whether protein detrimentally affects renal function is contentiously debated (1, 2) . Sustained hyperfiltration may cause renal injury, leading to reduced renal function, and the American Dietetic Association and American Diabetes Association both recommend limiting protein intake to 0.8-1.0 [g/(kg body weight×d)] (~,10-14% of energy from protein) among individuals with renal damage (3) . An alternative hypothesis is that hyperfiltration is a normal, adaptive response to higher protein intake having no impact on renal function (4) . Of critical importance to public health is whether diets higher in protein have detrimental effects on renal function among older adults without overt chronic kidney disease (CKD), i.e. having an eGFR .60 mL/(min×1.73m 2 ) (5). Clinicians commonly prescribe higher protein intake in aging individuals to reduce sarcopenia and preserve lean body mass, enhance immune function, promote wound healing, and treat hypoalbuminemia.
Two serum markers, creatinine and cystatin C, are used in clinical practice to measure eGFR (6,7). A systematic review of 24 studies comparing the diagnostic accuracy of both markers for impaired renal function reported that cystatin C had higher sensitivity compared with creatinine (81 vs. 69%) at a common specificity (88%) (8) . While measuring cystatin C as a biomarker of renal function also has the advantage over creatinine of being independent of muscle mass (9, 10) , cystatin C may be associated with adiposity independent of renal function (11) . Thus, studies that carefully account for protein intake and BMI while measuring renal function using cystatin C as a measure of renal function are warranted.
Data from the Women's Health Initiative Observational Study (WHI-OS) can inform this question by examining associations between protein intake and renal function among older women having a wide range of renal function. We evaluated cross-sectional associations between protein intake and renal function among 2419 postmenopausal women from the WHI to test the hypothesis that protein intake is associated with impaired renal function (12) . We used established biomarkers of energy and protein intake to correct for measurement error in the reporting of dietary consumption data (13) . The consistency of the association by age, BMI, and general health status was also evaluated.
Materials and Methods
Study population. The WHI-OS, a prospective cohort study that enrolled 93,676 women ages 50-79 y between 1993 and 1998 at 40 U.S. clinical centers, has been described in detail elsewhere (14) . Institutional review boards at each participating institution reviewed and approved the study. Women with CKD requiring dialysis were not eligible for participation in the WHI-OS. Data were combined from 2 nested casecontrol studies, each investigating the relationship between renal function and fracture rates (12) . Matching factors for controls in the 2 studies were age, race/ethnicity, date of blood draw, and history of fracture (12) . Of the 2535 women participating in the 2 case-control studies, 2419 (95.4%) had complete covariate information and were included in the analysis.
Outcome ascertainment. For both case-control studies, serum cystatin C concentrations were measured using the Dade Behring BN-II nephelometer and Dade Behring reagents (GMI) using a particle-enhanced immunonephelometric assay. For 1 study, assays were conducted at Medical Research Laboratories International (Highland Heights, KY), reporting a sensitivity of 0.02 mg/L and an inter-assay CV of 5.7% with a measurement range of 0.25-7.9 mg/L. For the second case-control study, assays were conducted at University of Minnesota, Fairbanks (Minneapolis, MN) reporting an inter-assay CV from 2.3 to 3.1% with a range from 0.3 to 10.0 mg/L. To account for differences in cystatin C measurement between the 2 case-control studies, laboratory values were calibrated to the study reporting values consistent with population-based data (15) using cystatin C values measured in participants in both casecontrol studies (n = 42). The glomerular filtration rate was estimated from cystatin C using the equation: Calibrated protein estimation. As previously described (13), the WHI Nutritional Biomarkers Study used objective biomarkers of total energy expenditure (approximately equivalent to energy intake in weight-stable persons) and protein intake to assess the measurement properties of the FFQ. Briefly, 544 Dietary Modification Trial participants from 12 WHI-OS clinical centers participated in a doubly labeled water protocol to estimate total energy expenditure over a 2-wk period and a 24-h urine collection to estimate nitrogen excretion from which protein consumption was calculated. These biomarkers were compared with the concurrent selfreported dietary intake data. For these analyses, calibrated energy and protein estimates were obtained by inserting FFQ consumption estimates and other participant characteristics obtained at baseline from the WHI-OS into regression equations (19) (20) (21) . Separate equations were used for energy, absolute protein (g/d), and protein relative to energy (%energy/d). 1 Stages of CKD per K/DOQI Guidelines (2) estimated using eGFR = 76.7 3 cystatin C. 21.19 . 2 Unweighted summary statistics are n and row percentages for categorical variables and mean 6 SD for continuous variables. Weighted estimates account for factors associated with selection into original case-control studies (age, race/ethnicity, year of blood draw, region, and history of fracture). Weighted summary statistics are n and column percentages for categorical variables and mean 6 SE for continuous variables. 3 The FFQ specifies 1 drink as: beer = 12 ounces (14 g ethanol), wine = 6 ounces (18 g ethanol), and liquor = 1.5 ounces (14 g ethanol). 4 1 kcal = 4.184 kJ. ). Energy, alcohol, and percent of energy from total fat were estimated from the FFQ. Smoking status was classified as current, past, or never.
Statistical analysis. The association between protein intake and renal function was plotted to examine evidence of nonlinearity and/or threshold effects. Spearman correlations were used to describe associations between uncalibrated compared with calibrated measures of energy and protein intake with BMI. Summary statistics are reported as mean 6 SD and model estimates as mean (95% CI) unless otherwise noted.
Because the participants of the 2 nested case-control studies were not a random sample of the WHI-OS population, ordinary regression models may introduce bias (22) . To obtain estimates representative of the WHI-OS population, inverse probability weights were applied, including matching factors (age, race/ethnicity, date of blood draw), region (Northeast, South, Midwest, and West), and case status (fracture history) in the model for the weights (23, 24) . Unweighted and weighted distributions of participant characteristics enrolled in the case-control studies (n = 2419) were compared with the entire WHI-OS (n = 93,676) to evaluate the acceptability of the model for the weights.
A series of weighted linear and logistic regression models were examined to evaluate the influence of energy intake, BMI, and other potential confounding factors on observed associations. Age, energy intake, and BMI were modeled continuously allowing for changes in the slope at each quintile by including splines in regression models (25) . Robust SE for uncalibrated protein were estimated from weighted regression models and SE for calibrated protein were estimated using a bootstrapping procedure (500 replicates) to acknowledge the uncertainty in the regression calibration coefficients as well as that due to the sampling from the study population. The role of protein source (animal/vegetable) was considered using separate weighted regression models characterizing the exposure of interest as animal protein, vegetable protein, and proportion of total protein from animal sources. The consistency of the association by age, BMI, and general health status was evaluated by stratifying across categories of the potential effect modifier and testing for multiplicative interaction by including a cross-product term of the exposure and effect modifier in regression models.
Results
Mean calibrated protein intake was 1.1 6 0.2 [g/(kg body weight×d)], exceeding the current Recommended Dietary Allowance for protein [0.8 g/(kg body weight×d)] (18). Twelve percent (n = 292) of women had impaired renal function [eGFR ,60 mL/(min×1.73m
2 )]. Among women with impaired renal function, 224 were classified as stage 3a, 56 as stage 3b, 11 as stage 4, and 1 as stage 5. Case-control study participants were older and more likely to be a minority and have lower general health status relative to the entire WHI-OS population, but applying the inverse probability weights resulted in similar distributions between the 2 populations (data not shown). Women having impaired renal function were more likely to be older, white, have less education and lower income, drink less alcohol, report lower general health status, and have a medical history of stroke, diabetes, or myocardial infarction (all P , 0.05) ( Table 1) .
When expressed in absolute terms or relative to calibrated energy intake, there was no significant linear association between eGFR and protein intake ( Table 2 , model 2) after accounting for potential confounding factors. Relative to body weight, each 0.1 g daily protein/kg body weight was associated with a 1.60 (95% CI = 0.89-2.84) unit higher eGFR in the adjusted weighted linear regression model (Table 2 , model 2). Covariates were sequentially added to models and adding dietary fat (%energy) resulted in the largest change in effect estimates between model 1 and model 2. Models evaluating protein source (animal/vegetable) as the exposure were similar to total protein (data not shown). Uncalibrated and calibrated protein measures produced similar results and there were no qualitative differences in the results stratified by age, BMI, or general health status categories (data not shown).
Odds of impaired renal function were not significantly associated with quartile of protein intake ( Table 3 ). There were trends toward an inverse association between protein intake and impaired renal function when protein was expressed in relation to energy intake (%energy/d) or body size [g/(kg body weight×d)].
Discussion
Protein intake was associated with slightly higher renal function among postmenopausal women when using calibrated protein expressed relative to body weight as the exposure measure. There was no association with renal function when protein intake was expressed in absolute terms or relative to energy intake. Though longitudinal and trial data are needed to draw causal inferences, these data suggest higher protein intake does not adversely affect renal function among women with normal or slightly impaired renal function. 1 Weighted logistic regression model estimates (95% CI) comparing protein intake to the lowest quartile, accounting for factors associated with selection into original case-control studies (age, race/ethnicity, year of blood draw, region, and history of fracture). Covariates were age, race/ethnicity, BMI, calibrated energy, vegetable and fruit intake, percentage of energy from fat, education, income, smoking, physical activity, alcohol intake, general health status, and previous medical conditions (cardiovascular disease, myocardial infarction, stroke, congestive heart failure, hypertension, and treated diabetes).
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A major contribution of the current analysis was using cystatin C to evaluate the relation between protein intake and renal function. Previous studies used serum creatinine to estimate renal function, but creatinine excretion is positively associated with muscle mass. Because protein intake may preserve lean body mass (26) , higher protein intake may result in changes in serum creatinine concentration indicative of changes in muscle mass rather than renal function. Data suggest cystatin C may be a better biomarker of impaired renal function and mortality compared with serum creatinine, but its concentration is positively associated with adiposity (15) . These relations may explain why measures of protein intake that incorporated body size [g/(kg body weight×d)] were associated with higher renal function, whereas measures of protein intake that did not directly incorporate body weight (g/d and %energy) were not associated with renal function. The Cardiovascular Health Study reported associations between obesity and 7-y decline in renal function using creatinine, but no associations were observed using cystatin C (27) .
The Nurses' Health Study (NHS) also reported no association between high-protein intake and renal function decline among 1624 women over an 11-y follow-up period. The estimated change in GFR, as estimated by creatinine, was 0.25 mL/ (min×1.73m 2 ) (95% CI = 20.78-1.28) per 10-g increase in protein intake (28) . Investigators observed stronger associations after accounting for dietary measurement error using a second selfreported measure of diet collected in a validation study. However, key differences between the NHS and this study conducted in WHI-OS include: 1) creatinine, rather than cystatin C, was used to estimate renal function; 2) measurement error was corrected using self-report data rather than objective biomarkers; 3) NHS assessed trajectories of renal function rather than cross-sectional associations; and 4) NHS did not examine protein intake relative to body weight.
Research examining whether restricting protein intake leads to preservation of renal function has been conducted predominantly in patients with moderate to severe renal insufficiency (1) . Most evidence supports moderate restriction of protein intake, but follow-up has typically been short (29) (30) (31) . The largest trial, the Modification of Diet in Renal Disease trial, demonstrated no effect of protein restriction on renal function (32, 33) . A long-term follow-up of study participants from the Modification of Diet in Renal Disease trial reported those assigned to the restricted protein intake group had an increased risk of mortality [adjusted HR = 1.92 (95% CI = 1.15-3.20)] (34).
Nutrient intakes are highly correlated with each other, and the observed association between protein intake and higher renal function was attenuated after adding dietary fat to regression models. Proteins from plant sources deliver lower nonvolatile acid load and have decreased bioavailability of phosphorous, suggesting they are better protein sources for patients with CKD. We considered protein source (animal/vegetable) in our analysis using separate weighted regression models characterizing the exposure of interest as animal protein, vegetable protein, and proportion of total protein from animal sources. These models provided no evidence for a difference in the association between uncalibrated protein intake and renal function by protein source (data not shown). However, lack of a biomarker for protein source limits our ability to make inferences related to this question.
Acknowledging limitations of the current analysis could help to direct future research. Because this was a cross-sectional study, we cannot make inferences regarding the temporality of the observed associations. Longitudinal studies could inform whether higher protein intake is associated with rate of renal function decline as estimated by cystatin C and creatinine. If women with reduced renal function were advised by their physicians to limit protein intake, this could partially explain observed associations. However, in a sensitivity analysis excluding women with an eGFR ,60 mL/(min×1.73 m 2 ), our results were similar (data not shown). Longitudinal studies assessing change in renal function as measured by cystatin C as well as creatinine in relation to protein intake corrected for measurement error using biomarkers are needed.
In conclusion, these data suggest no adverse association between protein intake and renal function among postmenopausal women without overt CKD. We examined associations independent of demographic and lifestyle characteristics and comorbidities and evaluated consistency across the distribution of age, BMI, and general health status. Longitudinal studies using exposure and outcome measures similar to the current study would provide the opportunity to evaluate whether higher protein intake is associated with a more rapid decline in renal function among older adults. There is emerging evidence that higher protein intake may contribute to preservation of lean body mass (35) and reduced risk of frailty among older adults (19) ; however, it is important to evaluate the long-term potential health risks and benefits before suggesting changes to protein recommendations for older adults.
